Abstract: Corona poling behaviours of optically active photochromic copolymers derived from methyl methacrylate (MMA) and the methacrylic ester of (S)-3-hydroxy pyrrolidine linked through the nitrogen atom to the highly conjugated photochromic 4'-(β-cyano-β-(methylsulfonyl)vinyl)-4-azobenzene moiety, have been investigated with the aim to evaluate the effect on the non-linear optical (NLO) properties originated by the presence of inactive side-chain MMA groups along the main chain. The NLO properties of in situ corona poled polymeric films have been studied by second harmonic generation (SHG) measurements. The d 33 values of the investigated polymers were determined to be in the range 10-86 pm/V after corona poling. The temporal and thermal stability of the optimal SHG signals obtained after corona poling process of all the macromolecular materials has been investigated and compared. The results indicate that the maximum of these properties can be obtained at a molar content of photochromic units around 20-40%.
Introduction
The future development of optical fiber-based communication networks will strongly depend on the availability of cheap, reliable, and robust integrated optical waveguide devices for routing, switching, detection, storage and computation. Among the candidate material systems, high expectation have been placed on polymers, that are particularly attractive in integrated optical waveguide devices, because they offer rapid processability, cost-effectiveness, high yields and high performance [1] . Furthermore, polymers provide an ideal platform for the incorporation of more complex material functionalities through selective doping or reactions. Azobenzene containing polymer systems are well known for their photochromic properties related to the trans-cis-trans photo-isomerization of the azo-chromophores, and have been proposed for reversible data storage, signal modulation and switching [2] .
In particular, many efforts have been spent on obtaining high second-order NLO susceptibility, large SHG conversion efficiency and long temporal stability of the polar orientation in the field of poling [3] [4] [5] [6] [7] [8] [9] [10] [11] .
For second-order NLO applications, the materials must be noncentrosymmetric on the molecular and macroscopic scales [11] . Noncentrosymmetry on the molecular scale is easy to achieve, for example, by connecting an electron donor and acceptor through a conjugated aromatic bridge. On the other hand, macroscopic noncentrosymmetry is more difficult to achieve. Methods to obtain macroscopic noncentrosymmetry include electric poling and self-assembly [11] . An alternative approach is to use chiral materials, which are inherently noncentrosymmetric. The use of chirality in nonlinear optics has been theoretically investigated [12, 13] . These studies showed that chiral contributions can increase nonlinear optical response.
Recently, we have prepared and investigated several new optically active polymeric derivatives bearing in the side chain a chiral pyrrolidine ring of one single configuration linked to a trans-azoaromatic system with permanent dipole moment. These new materials are characterized by strong and reversible photoinduced linear birefringence and circular dichroism combining optical storage capabilities and logic functionality based on chiroptical bistability [14] [15] [16] [17] .
In this context, we have previously reported on the effects induced on thermal, absorption and chiroptical properties of this particular class of materials in solution, by progressively separating the photochromic optically active repeating units along the polymer backbone [18] . This has been achieved through radical copolymerization of the monomer (S)-3-methacryloyloxy-1-[4'-(β-cyano-β-(methylsulfonyl)vinyl)-4-azobenzene] pyrrolidine [(S)-MAP-S] [19] with different amounts of the inactive methyl methacrylate (MMA) co-monomer, so as to obtain, besides the homopolymer poly[(S)-MAP-S] [19] , the copolymers poly[(S)-MAP-S-co-MMA] at 67%, 46% and 26% molar content of (S)-MAP-S co-units [18] , depicted in Due to the relatively high first hyperpolarizabilities of the azo dyes, these polymers are also suitable for second order NLO applications such as electro-optic (EO) modulation [11, [20] [21] [22] .
In this paper, we report on the results concerning the characterization of the second order NLO properties of electrically poled thin films of the above poly[(S)-MAP-S-co-MMA] copolymers. For completeness and comparison, new copolymeric samples at lower molar content of chromophoric monomer (9%, 5% and 2%) have also been synthesized and characterized (Fig. 1 ).
The second order NLO properties of all products have been investigated by means of second harmonic generation (SHG) experiments and compared with those displayed by the homopolymer poly[(S)-MAP-S] (Fig. 1) . The absolute values, thermal and temporal stability of the SHG coefficients of the different copolymers are reported and their dependence on the azobenzene content discussed.
Results and discussion
Details on the identification labels, initial feed and copolymer compositions, average molecular weight, initial decomposition and glass transition temperatures of the investigated polymeric materials are reported in Tab. 1.
Tab. 1. Characterization data of polymeric derivatives .
Feed in % mol Experimental optimal poling temperature; g) Ref. [19] ; h) Ref. [18] .
After product purification, the polymerization occurrence was proved by 1 H-NMR spectroscopy, by checking the disappearance of the unsaturated methylenic protons resonances at 6.3 and 5.7 ppm of the monomer and the upfield shift of the methacrylic methyl signal from 2.0 ppm to about 1.5-1.2 ppm in the spectra of polymeric derivatives. The molar composition of copolymers was assessed by 1 H-NMR by comparing the integrated singlet of the methylsulfonyl protons of (S)-MAP-S co-units, located at 3.40 ppm, with that connected to the methyl ester group of MMA co-units at 3.75 ppm, after subtraction of the contribution given to the integral by the overlapped resonance of the methylene protons in α position to nitrogen in the pyrrolidine ring of (S)-MAP-S.
TGA data of the homopolymer of (S)-MAP-S and of its copolymeric derivatives with various contents of MMA (Tab. 1) indicate that all materials are characterized by very high decomposition temperatures, close to 300 °C, regardless of composition. This behaviour suggests that remarkable dipolar interactions originated by the strongly conjugated side-chain donor-acceptor azoaromatic moieties are present in the solid state and are promising of a good thermal stability of these materials.
The investigated macromolecules are substantially amorphous in the solid state. In fact, only second order transitions originated by glass transitions with no melting peaks was observed in these materials by differential scanning calorimetry (DSC) measurements (Tab. 1). It is worth noting that all the copolymeric derivatives exhibit a considerably higher T g value, lying in the range 110-200 °C, than the related homopolymer poly(MMA) (T g =105 °C) [23] , which increases considerably and almost linearly upon increasing the (S)-MAP-S content (Tab. 1). These behaviours confirm the very stiff character of these compounds, attributable to the presence of both the conformationally rigid pyrrolidine ring interposed between the backbone and the azoaromatic group, and strong inter-and/or intramolecular dipolar interactions in the solid state between azoaromatic chromophores.
It is evident that for EO applications, high values of T g may be needed to achieve enhanced temporal stability of the electrically-oriented dipoles in the bulk at room temperature.
The normalized UV-vis spectra of native thin films of (S)-MAP-S copolymeric series are shown in Fig. 2 . The amorphous polymers in the solid state exhibit strong absorptions in the visible region centered at about 450-500 nm, assigned to the same electronic transitions observed in solution [18] and related to overlapped n-π*, π -π *, and internal chargetransfer electronic transitions of the conjugated azoaromatic chromophore [24] .
Similar to the solution, the visible absorption bands show the presence of electrostatic dipolar interactions between neighbouring aromatic chromophores related to anti-parallel [25] or parallel (H-aggregates) [26, 27] intramolecular stacking of adjacent dipolar chromophores. However it appears that separating the azoaromatic chromophores by insertion of non-chromophoric MMA co-units in the macromolecular chain, lowers the possibility of intramolecular interactions, giving rise to a behaviour more similar to that of the monomer (S)-MAP-S in solution, where the lack of structural restraints originates a random distribution of the chromophores and prevents dipolar interactions.
As pointed out by a large number of authors, the effort to enhance optical nonlinearity often presents the risk of pushing the optical band edge too near to the operating wavelength of the EO devices [28, 29] . However, using an optical operating wavelength above 1.0 μm for EO modulation, the absorption of all the samples is still in the tolerable range.
The noncentrosymmetric alignment of chromophores was achieved by corona poling.
The second-order NLO coefficients (d 33, d 15 and d 31 ), of the investigated polymers were measured independently in-situ by SHG with an experimental setup exhaustively described in the experimental part.
The SHG signal intensity of corona poled films were recorded as a function of temperature at a wavelength of 1.064 μm to avoid resonant contribution to the d 33 values.
The samples were heated at a rate of 15 °C/min, the poling electric field was switched on and SHG signal monitored. In all the films the SHG signal at the beginning increases, due to the enhanced mobility of chromophore segments that can be oriented under the electric field, and then decreases. The maximum value defines the optimal poling temperature: below, the poling is not effective due to the limited mobility of the chromophores; above, a thermal energy randomizing effect partially defeats the ordering effect of the electric field. It can be observed from the obtained poling profiles that all the samples give a maximum SHG intensity at a temperature about 10-40 °C lower than the main chain T g . The low optimal poling temperature can be attributed to the different mobility of the chromophoric side chain with respect to the main chain.
The UV-vis and microscopic observation of the films treated at high temperatures, above the T g , show a significant degradation of the film surfaces which can be attributed to the low stability of the reactive β-cyano-β-(methylsulfonyl)vinyl moieties in the presence of high electric voltage and atmospheric or adsorbed oxygen. In fact, repeated experiments under nitrogen atmosphere partially limit the surface degradation and increase the effective temperature of thermal oxidation.
To optimize the electric field for poling, the SHG signals of the samples were traced under various poling voltages, the maximum values being obtained with a voltage close to 7.0 kV.
For these reasons all the subsequent thermal corona poling processes (voltage of 7.0 kV) have been achieved at the determined optimal poling temperature 10-40 °C below the T g of the sample investigated (Tab.1), and maintained at this temperature until signal saturation is observed. Then the films were cooled in the presence of the poling field, which has been switched off at room temperature with a slight decay of the SHG signals in the order of 20%.
According to Villacampa [30] this behaviour is associated with the neutralization of charges trapped at the film surface during corona poling and with different relaxation processes.
As an example, the absorption spectra of spin coated films of copolymer 26% before and after poling are shown in Fig. 3 .
A marked drop in absorbance and wavelength shift may be observed in the spectra. The partial or full recovery of initial absorbance observed for all the polymeric samples with time and/or heating near the T g , does not allow to attribute this behaviour to chromophore degradation during corona poling. It rather suggests this effect to be an alignment of the molecules along the direction of the poling field, perpendicular to the plane of the film, with diminished absorption cross section for light at normal incidence [31] . Similar behaviour is shown by all the polymeric films.
Although a decrease of SHG intensity with time was pointed out after one hour all the samples showed a residual SHG signal stable at room temperature (about 70-80% of the maximum induced SHG value). The SHG signal was monitored at incident angle (θ) of −80° to +80°. The NLO coefficients of each sample were obtained by comparing the intensities of the SHG signals of the poled film with those of the quartz crystal reference via the MakerFringes method [32] . In comparison to poly(DR1M) [25, 35] , deeply investigated as well as its copolymeric derivatives as material for NLO applications, containing in the side-chain the flexible chromophore 4'-[(2-hydroxyethyl)ethylamino]-4-nitrobenzene (DR1), the chiral polymers of (S)-MAP-S are characterized by an enhanced SHG intensity and a longterm storage stability. These data suggest that polymers containing chromophores with enhanced conjugation extent, exhibit larger SHG response and higher temporal stability.
The above (S)-MAP-S chromophores, in fact, show significantly larger optical nonlinearities as a direct consequence of stronger electron withdrawing effect of the β-cyano-β-(methylsulfonyl)vinyl group and electron donor effect of the rigid cyclic pyrrolidine residue.
The results (Tab. 2 and Fig. 4) show the dependence of the second-order nonlinear d 33 coefficient on different azochromophoric content in copolymers and homopolymer. When the azoaromatic molar percentage changes from 2% to 26%, the d 33 value increases. On the contrary, it decreases when the azo content changes from 26% to 46% and then remains constant at higher (S)-MAP-S co-units content. As a conclusion, there is an optimal NLO active moiety content to obtain the maximum second-order nonlinear coefficient.
Poly This behaviour can be explained bearing in mind the influence of the molecular environments on the chromophoric dipole orientability. When the azoaromatic content ranges from 2% to 26% molar percent, the relatively low concentration has no effect on their mobility, so the chromophores can orient freely under corona poling (Fig. 5) . Indeed, these samples have lower T g (Tab.1) and, consequently, higher side chain flexibility.
Of course, azo content plays a key role to increase the d 33 value in this process: at higher concentration there are more oriented chromophores with consequent enhanced d 33 values. According to the one-dimensional rigid orientation gas model [36] , under identical experimental conditions, the d 33 value is proportional to the number density of the chromophore moieties in the polymers:
where N is the number density of the chromophore, β its first hyperpolarizability, f the local field factor, 2ω the double frequency of the laser, ω its fundamental frequency, and <cos 3 θ > is the average orientation factor of the poled film.
When the (S)-MAP-S co-units in the copolymers increase from 26 to 100%, the possibility of dipolar interactions between neighbouring chromophores enhances (Fig. 5) , accordingly to DSC data. As a consequence, their mobility is reduced and their orientability restricted, so the d 33 value decreases [10, 24, 30 ].
An idealized illustration of chromophoric orientations and dipolar aggregations before and after corona pooling of some significant copolymeric films is presented in Fig. 5 .
However, in our experimental conditions the corona poling procedures have been achieved at a determined optimal poling temperature, which is 10-40 °C below the T g of the polymer investigated (Tab.1). Thus, the real d 33 values of these polymers should be higher. The increase of dipolar interactions between the chromophores also plays an important role in enhancing the temporal and thermal stability of the electrically oriented polymers. For an electrically poled polymeric system, the long term stability of NLO properties is a critical requirement for real applications. In this study, the temporal stability of the NLO properties was studied by monitoring the SHG signal variation as a function of time and temperature.
The thermal stability after poling was checked by measuring the evolution of the remaining SHG signal versus temperature. These measurements were performed one week after the first poling process. The samples were heated from 25 °C at a rate of 0.1 °C/sec as shown for example in Fig. 6 
for poly[(S)-MAP-S].
In general, the effective d 33 coefficient of NLO polymers remains stable at low temperatures, but decays significantly at a specific temperature, thus providing information on the maximum device operating temperatures that the film can undergo, and allowing quick evaluation of the temporal and thermal stability of the material. The results of this dynamic thermal stability assessment for the poled samples are shown in Fig. 7 . A decrease of the SHG signal at temperatures appreciably lower than T g is observed for all the samples. Similar behaviours were reported by other researchers [37] [38] [39] .
This specific temperature value is defined by some authors as the effective electrooptic relaxation temperature [40] . In this paper we prefer to utilize the dynamic temperature of thermally reduced half SHG signal (T SHG/2 ). All the samples present a difference between T g and T SHG/2 of about 40-70 °C (Fig. 8) that increases with the molar content of NLO chromophores in the copolymers.
It was found that dielectric measurements on a typical NLO side-chain polymer exhibited multiple relaxation processes even below Tg, which are all related to the motions of the chromophoric dipoles in the side-chain [41] .
The copolymers composition affects in the same manner both the SHG values and the thermal stability of the chromophore alignment induced by the poling field; the T SHG/2 values increase with the azo content in the copolymer series but poly[(S)- Fig. 7 and 8 ). Such behaviour could be due to lower order alignment of chromophores as evidenced by nonlinear coefficients (Tab. 2) and schematically idealized in The temporal behaviour for some EO coefficients of poled poly[(S)-MAP-S-co-MMA] 67% are shown in Fig. 9 . After an initial small decay in the first 400 h, the NLO response of the polymer tends to be stable. All our polymeric derivatives show at room temperature similar effects that persist for at least six months and are well reproducible.
MAP-S] shows lower T SHG/2 value than poly[(S)-MAP-S-co-MMA] 67% and poly[(S)-MAP-S-co-MMA] 46% (
It therefore appears that the investigated samples are characterized by better thermal and long-term stability with respect to analogous side-chain polymers with similar NLO-active chromophores covalently linked to the polymer backbone [30, [42] [43] .
These effects are probably due to their different structures. In fact, the azoaromatic moiety in these last materials is linked to the backbone through a flexible spacer and their dipole orientation may relax quickly to the original isotropic state. By contrast, in poly[(S)-MAP-S] and the copolymers the azoaromatic group is conformationally blocked by the rigid pyrrolidine ring interposed between the chromophore and the methacrylic main chain, with consequent reduced mobility of the macromolecular chains that improves the T g values. In this way the electrically induced dipole orientation remains at room temperature at a higher value and is stable for a longer time. In conclusion, the temporal stability, effective electrooptic relaxation temperature and T SHG/2 , even for the samples poorest in (S)-MAP-S moieties, can be of interest for applications in optoelectronics.
Conclusions
In conclusion, we have investigated the corona poling behaviour of the homopolymer and a series of side-chain azobenzene MMA copolymers with different azo moiety molar contents.
The noncentrosymmetrical orientation of chromophores was achieved by corona poling process to impart second-order NLO properties. The samples were characterized by UV-vis spectroscopy before and after poling. It was found that the largest orientational order parameter was obtained when the samples were heated stepwise to temperatures approximately 10-40 °C lower that their T g .
The NLO properties of the investigated polymers are significantly influenced by the chromophore molar content. The results showed that the maximum second-order optical nonlinearity, highest temporal and thermal stability can be obtained in the molar range 20-40% of chromophores in the side chain of the copolymers. Thermal dipole reorientation experiments on the poled polymeric films clearly show that chromophore dipoles are significantly mobile even below the T g of the NLO polymers.
The investigated polymers exhibit large SHG response and a significant temporal stability as a direct consequence of the strong electron withdrawing effect of the β-cyano-β-(methylsulfonyl)vinyl group and the electron donor effect of the conformationally stiff cyclic pyrrolidine residue. This particular azoaromatic molecular structure allows a remarkable charge-transfer interaction between donor and acceptor groups and strongly affects the optical nonlinearity. [17] . N,N-Dimethylformamide (DMF) and N,Ndimethylacetamide (DMA) were purified and dried according to reported procedures [44] and stored over molecular sieves (4 Å) under nitrogen. 2,2'-Azo-bis-iso butyronitrile (AIBN) (Aldrich) was crystallized from abs. ethanol before use.
Experimental part

Materials
Polymers
The synthesis of the homopolymer poly[(S)-MAP-S] and the copolymers poly[(S)-MAP-S-co-MMA] at 67%, 46% and 26% molar content of (S)-MAP-S co-units has been previously reported [18, 19] .
The new samples of copolymers at low molar content of chromophoric monomer (9%, 5% and 2%) have been synthesized according to the previously reported methodology [18] by free-radical polymerization in anhydrous DMF (25 ml/g of monomers) at 60 °C for 72 h in the presence of AIBN (2% by weight with respect to monomers) as thermal initiator. The crude products were precipitated from solution by pouring the reaction mixture into a large excess of methanol (100 ml) and collected by filtration. The purification was performed for three times by dissolution in DMF and precipitation from methanol and the last traces of unreacted monomer were eliminated from the product by Soxhlet extraction with methanol. The purified products were finally thoroughly dried to constant weight under vacuum at 80 ºC for 4 days.
Details on the identification label, initial feed monomer, copolymer composition, average molecular weight, initial decomposition and glass transition temperatures are reported in Tab. 1.
All products were characterized by FT-IR, 1 H-and 13 C-NMR. As an example, spectroscopic data for poly[(S)-MAP-S-co-MMA] at 9% molar content of (S)-MAP-S co-units are reported: Physicochemical measurements 1 H and 13 C-NMR spectra of polymeric derivatives were recorded on 5-10% nitrobenzene-d 5 solutions at 80 °C, using a Varian NMR Gemini 300 spectrometer. Tetramethylsilane (TMS) was used as internal reference. FT-IR spectra were carried out on a Perkin Elmer 1750 spectrophotometer, equipped with an Epson Endeavour II data station, on samples prepared as KBr pellets. UV-vis absorption spectra of the samples were recorded at 25 °C on a Perkin-Elmer Lambda 19 spectrophotometer in the 250-650 nm spectral region in DMA solutions by using cell path lengths of 0.1 cm. Azoaromatic chromophore concentrations of about 3 10 -4 mol L -1 were used. Number average molecular weights of the polymers (⎯M n ) and their polydispersity (⎯M w /⎯M n ) were determined in THF solution by SEC using a HPLC Lab Flow 2000 apparatus, equipped with an injector Rheodyne 7725i, a Phenomenex Phenogel 5 micron MXL column and an UV-VIS detector Linear Instruments model UVIS-200, working at 254 nm. Calibration curves were obtained by using several monodisperse polystyrene standards. The glass transition temperature values of polymers (T g ) were measured by differential scanning calorimetry (DSC) on a TA Instruments DSC 2920 Modulated apparatus adopting a temperature program consisting of two heating and one cooling ramps starting from room temperature (heating/cooling rate 10 °C/min under nitrogen atmosphere). The initial thermal decomposition temperature (T d ) was determined on the polymer samples with a Perkin-Elmer TGA-7 thermogravimetric analyzer by heating the samples in air at a rate of 20 ºC/min.
Polymer film preparation and characterization
Amorphous thin films were prepared by spin-coating of a solution of the polymer in 1-methyl-2-pyrrolidinone/tetrahydrofuran (NMP/THF) onto clean fused silica or glass slides. The films were then dried by heating above 80 °C under vacuum for 12 h. The film thickness, measured by a Tencor P-10 profilometer, was in the range 300-600 nm. The native films resulted to be optically isotropic by inspection with a Zeiss Axioscope2 polarizing microscope through crossed polarizers fitted with a Linkam THMS 600 hot stage. Absorption spectra of the films were carried out under the same instrumental conditions as the related solutions.
Second Harmonic Generation (SHG)
In-situ second harmonic generation (SHG) measurements were carried out with a Qswitched Nd:YAG (Quanta System HYL-101) laser operating at 1064 nm with a repetition rate of 10 Hz and a pulse duration of 8 ns. The samples were inserted in a box, mounted on the hot stage and corona-wire poled. Hot stage temperature was controlled and revealed by a GEFRAN 800 controller. Box-atmosphere was controlled by Humidity-Meter: Nitrogen Flux and Dryer were used for reducing reactivity and keeping humidity below 10%. Corona-wire Voltage up to 10 kV across a 10 mm gap could be applied by a TREK610E high-voltage-supply. Second harmonic signals (532 nm) were measured by a H9305-03 HAMAMATSU photomultiplier connected to a Tektronix 3054B oscilloscope.
The film, which was kept at an adequate high temperature and at 45° to the incident beam, was poled inside the oven, and the SHG signal was monitored simultaneously. Incident beam power was kept below 300 mJ/cm 2 . The poled and SHG-technique used are shown schematically in Fig. 10 and 11 . We integrated the second harmonic (SH) signals, temperature and HV during poling for optimizing the poling conditions. For calculation of the absolute value of the second order NLO coefficient d 33 , we followed the standard Maker fringe technique [32, 45] . The SHG signal was monitored at incident angle (θ) of −80° to +80°. The NLO coefficient d 33 was obtained by comparing the intensities of the SHG signals of the poled film with those of a calibrated 1 mm thick quartz crystal wafer (X-cut) having d 11 = 0.46 pm/V [46] .
The dependence of the poling-induced orientation stability on the curing temperature was also studied using this apparatus.
Absorption spectra measurements of the films were taken before and immediately after poling to record orientation stability patterns. Fig. 11 . Experimental set-up; particular of poling box.
